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Abstract
In this study, three Gr/AgNW-based, Fe-C coated long period fiber gratings (LPFG) corrosion
sensors were prepared and tested for corrosion-induced mass loss measurements under various
strain levels. Graphene grew on a copper foil using a low pressure chemical vapor deposition, was
transferred to the curve surface of each LPFG sensor, and strengthened by silver nanowire
(AgNW) for a more robust electroplating process of the Fe-C layer. The three Fe-C coated LPFG
sensors were subjected to three different strain levels: 0, 500 and 1000 µε. The sensors were immersed up to 72 hours in 3.5% w.t NaCl solution. Both optical transmission spectra and electrical
impedance spectroscopy (EIS) data were simultaneously collected from each Fe-C coated sensor.
Compared with the zero-strained sensor, the strained sensors increased their sensitivity by approximately 133% and 182% in Stage I, but reduced to 49% and 24% in Stage II at strain levels of 500
µε and 100 µε, respectively.
1. Introduction
Corrosion is one of the most concerned issues that cause the deterioration of steel rebars and steel
members in civil infrastructures. To evaluate the remaining load capacity of aging structures, engineers must determine the effective cross section (or mass loss) induced by the corrosion process
while the structure is in operational condition. However, since the corrosion environment around
civil infrastructures is usually complicated, quantification of the corrosion-induced mass loss is
challenging. Two categories of methods can be found in the previous research: 1) Indirect and 2)
Direct methods. The indirect method mainly focuses on the measurement of moisture, corrosioninduced strain and stress using fiber optic sensors such as fiber Bragg gratings (FBG), external
Fabry-Perot interferometer (EFPI), LPFG with polymer coating, and distributed Brillouin fiber
sensors. Even though the previous methods can measure the moisture level or strain distribution
precisely, the correlation between these parameters and the mass loss of steel remains still unknown. One of the direct methods was recently developed by Dr. Genda Chen’s research group.
For example, Huang et al. (2015) proposed a LPFG corrosion sensor with nano iron/silica and
polyurethane coating to monitor the corrosion-induced mass loss. To improve the coating uniformity and robustness, Chen and Tang et al. (2016) sputter coated a 0.8 µm thick silver film on
the optic fiber surface and then electroplated the Fe-C layer on it for corrosion monitoring. Guo et
al. (2019) proposed a graphene/silver nanowire (Gr/AgNW) composite as the electroplating target
1138

Proceedings
9th International Conference on Structural Health Monitoring of Intelligent Infrastructure
August 4-7, 2019 – St. Louis, Missouri (USA)

film coated on the LPFG surface to further improve the sensitivity and service life of the corrosion
sensor. The electroplated Fe-C layer has the same chemical component ratio as the steel to be
monitored. Therefore, the corrosion process of the Fe-C layer is identical to that in steel members
or steel reinforcing bars.
Obviously, most steel elements are under different stress conditions during their serving cycle.
When the corrosion sensor is placed in proximity to the steel elements, the stress from the steel
members will also be transferred onto the corrosion sensor. Even though the induced strain is
negligible on the optical spectra, the stress induced cracks on the Fe-C layer will affect the corrosion monitoring process at different levels. Therefore, the effect of stress-induced cracks on the
sensor performance needs to be investigated.
In this paper, the Fe-C layers electroplated on three Gr/AgNW coated LPFG corrosion sensors are
fabricated and tested in 3.5% w.t NaCl solution under three different strain levels in 72 hours.
Mass loss rate and sensitivity are obtained with the optical transmission spectra and correlated
with the results from various EIS tests.
2. Experiment
2.1 Sensor fabrication
The sensor was prepared using the proposed method in previous work. A single mode fiber (Corning SMF 28e+) was firstly inscribed with the period of 353 µm gratings via a 10.6 µm CO2 laser,
which formed a LP06 mode LPFG with a resonance wavelength at 1550 nm.

Figure 1. A schematic illustration of sensor fabrication procedure

Figure 1 shows the procedure of sensor preparation: (a) A 25×100 mm copper foil was pretreated
with acetic acid for 48 hours and then cleaned with deionized water, IPA and acetone. The copper
foil was then inserted into the quartz tube and heated at 1030 °C for 30 mins with hydrogen gas
protection. A 10 mins methane flow grew a monolayer graphene on the copper surface. (b) The
Gr/Cu foil was then spin coated with a PMMA/chlorobenzene solution at 4000 rpm for 30 seconds
and heated at 160 °C to evaporate the solvent. (c) Copper foil was etched away using the copper
etchant and the PMMA/Gr film was cleaned with deionized water. (d) The LPFG was fixed on a
microslide and covered with the transferred PMMA/Gr film. (e) After it was heated for 140 °C for
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10 mins, the sample was immersed into acetone bath for 2 hours to resolve the PMMA film completely. A 0.4 mg/ml AgNW in IPA was spin coated on the sample at 100 rpm for 10 sec. (f) The
Gr/AgNW coated LPFG was connected to the negative electrode in the electroplating solution (40
g/L FeSO4ꞏ7H2O, 3.0 g/L L-ascorbic acid and 1.2 g/L citric acid) with a current of 5 mA for 1.5
hours to deposit an approximately 30 µm Fe-C layer on it.
2.2 Test setup
The prepared sensor was fixed on an acrylic dog-bone specimen and loaded on the Instron 5 kN
load frame. The entire specimen was immersed in 3.5% w.t NaCl solution in an acrylic container,
as shown in Figure 2 during mechanical loading. The optic fiber loop was connected to a 1 kHz
optical interrogator to collect the transmission spectra every two hours.

Figure 2. A mechanical and electrochemical test setup with simultaneous measurements of optical transmission
spectra and EIS

The corrosion rate of the Fe-C coating was measured using a standard three electrodes setup for
electrochemical impedance spectroscopy (EIS) tests every two hours, as illustrated in Figure 2.
The Fe-C coating and its substrate film (Gr/AgNW or silver nano ink) as a working electrode, a
platinum sheet as a counter electrode, and a saturated calomel electrode as a reference electrode
were connected to a Gamry instrument (Potentiostat/EIS 300). Prior to EIS tests, a stabilized open
circuit potential (OCP) was recorded. The EIS measurements were then taken at 5 points per decade when a sinusoidal potential of 10 mV with a frequency range 5 mHz to 100 kHz was applied
around the OCP.
3. Results and discussion
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3.1 Crack width and spacing
Figure 3 shows SEM images of the Fe-C coated LPFG sensor. The initial Fe-C thickness is approximately 30 µm. After 72 hours of corrosion test, the corrosion products were expanded to
approximately 210 µm thick. Figures 4(c) and 4(d) show the crack spacing (approximately 420
µm) and crack width (approximately 0.5 µm) of the Fe-C layer under tensile stress.

Figure 3. SEM images of (a) Fe-C layer prior to corrosion test, (b) Fe-C layer after 72 hours of corrosion test, (c)
crack spacing, (d) crack width

3.2 EIS test results
Figures 4(a-1) and 4(b-1) show Nyquist plots (real Zreal versus imaginary Zimg components of a
complex impedance) of the Fe-C coated LPFG sensors with Gr/AgNW- and silver-films, respectively. Each plot includes two semicircle arcs. The first small arc in high frequency range represents the combined properties of the Fe-C layer and the Gr/AgNW- or silver-film. The second
large semicircle arc in low frequency range represents the electrochemical reaction at the Fe-electrolyte interface. Figures 4(a-2) and 4(b-2) show the charge transfer resistance Rct and its associated corrosion current density icorr for the Gr/AgNW- and silver-based sensors, respectively. In
general, when the charge transfer resistance increases over time, the corrosion current density decreases during continuing corrosion of the Fe-C layer.
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Figure 4. Change of (1) Nyquist plots and (2) charge transfer resistance and corrosion current density of the Fe-C
coating in 3.5 wt. % NaCl solution up to 72 hours: (a) Gr/AgNW-based and (b) silver-based

3.3 Optical transmission spectra
Figure 5 shows the transmission spectra of three LPFG sensors under different strain conditions:
(a) 0, (b) 500 µε and (c) 1000 µε. The overall wavelength shifts of the three sensors are all at a
similar level of approximately 10.5 nm. As indicated in Figures 5(a-3) to 5(c-3), each sensor responded to corrosion process of the Fe-C coating in three stages: (I) gradual, (II) rapid and (III)
stable. All linear regression lines are well correlated with test data. In Stage I, pitting corrosion
happened at the Fe-C surface with the NaCl solution, starting at crack locations and ending when
the cracks fully penetrated through the Fe-C layer (Guo et al., 2019). In Stage II, corrosion expanded laterally between two adjacent cracks until the corrosion in the Fe-C layer was near completion. In Stage III, the wavelength changed little since the Fe-C was almost corroded away in
Stage II. Compared with the zero-strain sensor, the strained sensors indicated a higher corrosion
rate in Stage I due to increase in crack width and the number of cracks, and a lower corrosion rate
in Stage II likely due to less chance for micro cell effect around open cracks.
4. Conclusions
In this paper, three Gr/AgNW based, Fe-C coated LPFG corrosion sensors were tested under three
different strain conditions when immersed in 3.5 % w.t NaCl solution for 72 hours. Their optical
transmission spectra and Nyquist plots from EIS tests are calibrated to relate the wavelength shift
to the mass loss in Fe-C layer. The three sensors all showed three stages of corrosion process with
a total change of wavelength shift by approximately 10.5 nm, which indicates the dependence of
overall wavelength shift on the Fe-C thickness only. In Stage I, the wavelength sensitivity of the
unstrained sensor is approximately 0.09 nm per 1% mass loss, while the sensitivity of the sensor
loaded at 500 µε in tension is 0.12 nm per 1% mass loss and 0.164 nm for the 1000 µε sensor due
to increase in crack width and number. In Stage II, the sensitivity is 0.346 nm per 1% mass loss
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for the unstrained sensor, 0.17 nm per 1% mass loss for the sensor loaded at 500 µε in tension, and
0.083 nm per 1% mass loss for the sensor loaded at 1000 µε in tension.

Figure 5. Optical transmission spectra, wavelength shift versus time and wavelength shift versus mass loss of the FeC electroplated corrosion sensor at (a) 0, (b) 500 µε and (c) 1000 µε
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